Abstract
Introduction

32
CO 2 capture and geological storage (denoted CCS) is seen as a promising technology in the 33 portfolio of measures required to mitigate the effects of anthropogenic greenhouse gas 34 emissions (IPCC, 2005) . Among the available geological targets, deep aquifers are recognized 35 to offer very large potential storage capacity with a broad distribution throughout the world in 36 all sedimentary basins (e.g., IPCC, 2005) . Therefore, the present paper will primarily focus on 37 this option. The International Energy Agency (IEA) recently evaluated the contribution of 38 CCS to emissions reductions by 2050 to one fifth in order to achieve the most cost-effective 39 stabilisation of greenhouse gas concentrations (IEA, 2009 ). On this basis, the IEA concludes 40 that the implementation of the technology should reach 100 projects in 2020, and more than 41 3000 in 2050 representing an amount of 10 Gt of CO 2 stored per year. These figures highlight 42 the large number of storage sites that shall be operated. Nevertheless, a prerequisite to any 43 CCS large scale industrial development is the demonstration that the storage is both efficient 44 and safe as outlined by the European directive on geological storage of carbon dioxidecomponent of any CO 2 storage risk management strategy aiming at providing information on 47 the CO 2 fate (migration and trapping) within the reservoir and demonstrating that CO 2 48 containment is effective (e.g., Benson, 2006) . 49
Among the possible monitoring techniques, the space-borne Differential SAR (Synthetic 50 Aperture Radar) interferometry may constitute a promising and cost-effective option, as it can 51 provide valuable information on surface deformation induced by volumetric changes through 52 time and space resulting from CO 2 injection in deep aquifers (Tamburini et al., 2010) . This 53 technique uses the phase of the radar signal in order to derive an estimation of the 54 displacement of the ground surface between two passes of the satellite over the area. Further 55 details can be found for instance in Raucoules et al. (2007) . The basic idea is that (once 56 removed flat earth and topographic components) the phase difference is proportional (modulo 57 2) to the Line of Sight displacement occurred between the two acquisitions (assuming that 58 we can identify a stable reference area on the image. If not, the displacement is obtained with 59 an unknown constant value offset). A major interest of the technique lies on the fact that the 60 spatial sensor is able to image the ground surface regularly (presently, repetitiveness varies 61 depending on characteristics of the available satellites between few days to more than one 62 month). 63
Yet, one major limitation results from the temporal decorrelation phenomena (Zebker and 64 Villasenor, 1992) stemming from changes in the physical (e.g. dielectric characteristics) or 65 geometric (e.g. the distribution inside of the image elementary cell) characteristics of the 66 backscattering objects. Multi-temporal processing of interferometric series is generally 67 needed to cope with this shortcoming. Among the possible multi-temporal techniques, PSI 68 (Persistent Scatterers Interferometry -e.g. Ferreti et al., 2000) are advanced techniques based 69 on the processing of numerous, typically more than 30, images to identify a network ofPS). These scatterers typically are cultural features of the developed landscape such as 72 buildings, utility poles, roadways, etc., but also natural stable elements with stable and strong 73 backscattering characteristics (such as stable rocks with specific orientation). 74
To date, such space-borne techniques have been successfully used in a variety of domains 75 involving subsurface fluid withdrawal / injection and surface deformation response, for 76 instance groundwater flow characterization in complex aquifers systems (Bell et al., 2008) , oil 77 / gas fields characterization (e.g., Vasco et al., 2008a) , monitoring of seasonal gas storage 78 (e.g., Teatini et al., 2011) . More recently, surface deformation have been measured at In Salah 79
Gas Project in Algeria, where 0.5-1 million tonnes CO 2 per year have been injected over the 80 past 5 years (e.g. see site context described by Rutqvist et al., 2010) . This analysis revealed an 81 average ground uplift of 5 mm/year and allowed getting better insight not only in the CO 2 82 migration at depth (e.g., Mathieson et al., 2009 ), but also in the behaviour of the storage 83 reservoir (e.g., Vasco et al., 2008b) and of the storage complex during injection operations 84 (e.g., Rutqvist et al., 2010) . 85 However, such a successful result might not be easily generalised to any onshore CO 2 storage 86 sites, because the In Salah case is characterized by very favourable conditions for the 87 implementation of the PSI technique, the site being located in an arid region so that the 88 Permanent Scatterer PS density is very high, exceeding 1,000 per km² (300,000 PS used by 89
Tamburini et al., 2010 over an area of approximately 10 km by 15 km). 90
The objective of the present paper is to get a better insight in the applicability of the Persistent 91 Scatterers Interferometry implementation regarding the conditions of the future storage sites 92 and the specificities of the expected ground deformation phenomenon, i.e. the expected 93 spatio-temporal evolution of surface displacements caused by CO 2 injection operations at 94 depth.
surface displacements by means of an analytical model. Though inherently based on 97 simplifications, the analytical results allow investigating a large variety of injection scenarios 98 (e.g. depth, injection rate, storage aquifer characteristics, etc.) useful to support the discussion 99 in section 2. Given the discussed limitations for the CO 2 storage context, we propose to 100 explore, in a third section, a possible strategy to enhance the performance of the PSI technique 101 for CO 2 storage monitoring by deploying a network of "artificial" PS, i.e. corner reflectors CR 102 (e.g., Novali et al., 2005) in an iterative design approach over the whole injection duration. 103 104
Estimates of the expected spatio-temporal evolution ground
vertical displacements
106
In this section, we briefly describe an analytical solution for assessing ground displacement 107 assessment during CO 2 injection in deep aquifers (section 1.1). Details of the analytical model 108 are provided in Appendix A and B. This model is then applied to a typical injection scenario 109 (section 1.2) and its applicability is discussed (section 1.3). 110
Analytical solution for ground displacement assessment
111
In the present article, the expected spatio-temporal evolution of ground vertical displacements 112 due to CO 2 injection at depth are estimated using an analytical model developed by considering an axi-symmetric thin disk reservoir with general reservoir pressure 120 distribution (Segall, 1992; Segall and Fitzgerald, 1998) . 121
For sake of clarity, the main assumptions and formulations of both analytical solutions are 122 respectively described in Appendix A and B. Noteworthy, each of these solutions have been 123 validated through numerical simulations (Mathias et al., 2009a) or against in situ observations 124 (at Lacq in southern France, see Segall, 1992) . 125
Analysis of a typical injection scenario
126
We assess the spatio-temporal evolution of ground vertical displacements resulting from a 127 typical scenario corresponding to 1 Mt/y CO 2 injection during 25 years into a saline aquifer 128 formation at 1500m depth. Considering a pressure and geothermal gradient of respectively 129 and Seyedi, 2010 for typical geomechanical properties) and are summarized in Table 1 . 134
135
[ Table 1 about does not correspond to the pixel size, but to the distance between PS), this maximum 163 measurable gradient should not be theoretically a limitation, because the expected total 164 deformation of the order of ~1 cm, as shown in Figure 1B , corresponds to less than one C-165 band sensor fringe (equivalent to ~3 cm of vertical displacement).
Considering the temporal evolution of the maximal surface displacement within the injector 168 near-zone, Figure 2 shows that it reaches a maximum value of ~11 mm over a time span of 25 169 years and evolves following a logarithmical function over time. This trend is partly explained 170 by the temporal evolution of the maximum pressure build-up within the injector near-zone. 171
But, given its rapid evolution (after 1 month of injection, it reaches more than 85 % of the 172 maximal pressure build-up), the temporal evolution is in great part explained by the 173 cumulative contributions of rings of dilation, as shown in Figure 9 , (Appendix A), whose 174 number increases over time as the pressure front propagates within the aquifer formation. 175 in situ compaction measurements (see e.g. the Groningen field, studied by Mobach and 194 Gussinklo, 1994), a nonlinear dependence may also appear in some cases. See detailed 195 discussion by Hettema et al. (2002) . Furthermore, the ground deformation processes may be 196 complicated by the presence of soils and unconsolidated rocks near the surface (e.g., Singh, 197 1992) . 198
The proposed model considers an idealized view of the subsurface structure so that both the 199 reservoir and the surrounding rock are considered homogeneous and having the same material 200
properties. Yet, aquifer formations targeted for CO 2 
Constraints on the implementation of PSI technique
208
In turn, we examine constraints to the implementation of the PSI technique regarding the 209 specificities of the deformation phenomenon associated with the CO 2 injection at depth, in 210 terms of magnitude (section 2.1), spatial and temporal scales (section 2.2 and 2.3) and 211 evolution (section 2.4). Table 2 summarizes the constraints on the PSI implementation and the 212 needs in terms of sensor characteristics in order to address the issues resulting from the 213 expected motion characteristics. 214
[Table 2 about here]
It is difficult to determine beforehand whether the specific deformation phenomenon 217 associated with the CO 2 injection at depth (as illustrated by the typical injection scenario 218 described in section 1.3), may be monitored, because the feasibility and accuracy of PSI 219 strongly depend on the number of satellite acquisitions and the temporal baselines (e.g. 220
Hanssen, 2005). 221
The value of the precision PSI techniques has been widely discussed in the literature and can 222 vary from less than 1 mm to centimeters. Colesanti et al. (2003) suggested that in an 223 operational context under very good conditions (large data sets -i.e. >30 images, dense PS 224 network, quasi linear deformation regimes), the precision could reach 0.5 mm/y for the annual 225 deformation rate and 3 mm for the displacement values at given acquisition dates for PSI 226 based on data from ERS, Envisat/ASAR or equivalent (C-band, resolution ~10m, 227 repetitiveness of ~ 1 month). However, in less favourable cases (deformation rates higher than 228 some cm/y, sparse PS, non-linear deformation) results could be worse. Studies based on inter-229 comparison of different PSI techniques and validation respect to ground measurements (see 230 for instance Raucoules et al. 2009 ) showed that in unfavorable cases, the precision value can 231 drop to 1.5 mm/y and the accuracy can be much worse (>5 mm/y). Furthermore, deformation 232 superior to ~cm/y tends to be under-estimated if no prior assumption on the deformation is 233 used in the processing (Raucoules et al., 2009 ). This issue is not expected for CO 2 storage 234 applications as shown by the estimates of ground displacements resulting from a typical CO 2 235 injection scenario (see Figure 1B) . 236
On this basis, a detection threshold for an individual deformation value of 5 mm (i.e. below 237 which the deformation phenomenon is very unlikely to be detected) is considered in the 238 present study. For the considered injection case in section 1.3, we show that deformation 239 phenomenon associated with the CO 2 injection is likely to be detected only after the first yearrespectively ranging from 0.5 to 2.5 Mt/y and 1000 to 2500 m and assuming the aquifer 242 formation properties constant as described in Table 1 . Figure 3A) shows the maximum 243 vertical displacement reached at surface in the injector near-zone after respectively 1 and 10 244 years of injection (top and bottom left panels). Several aspects can be outlined: 245  The maximal vertical displacements is proportional to the mass injection rates, 246 whereas it is non-linear with depth mainly due to the non-linear form of the 247 relationship between the fluid properties of CO 2 and brine with depth; 248  The depth of the aquifer storage formation by 500m implies increasing the necessary 249 injection rate by 0.5 Mt/y for the surface deformation to be detectable. 
Spatial scale
260
The basic idea of PSI techniques is that there exist points with stable backscatter 261 characteristics during the period covered by the data series. In other terms, those points (or 262 PS) have high (respect to other pixels of the images) backscattered amplitude that does not 263 change significantly from one image to other. They are generally considered as objects with 264 extents smaller than the pixels where they are located. Such PS are little affected by geometricphase screens in order to improve the precision of the measurement. In urban area, buildings 267 and other man-made structures often act as PS due to their corner reflector-like scattering 268 behavior and high radar reflectivity so that we can obtain a very high density (hundreds per 269 km²) of PS, even exceeding thousands per km² in arid regions (e.g., Bell et al., 2008) . 270
However, the total area at ground surface to be affected by the deformation phenomenon 271 caused by CO 2 injection at depth is expected to be very large in relation with the large over-272 Furthermore, over such large areas, we can reasonably expect a vegetated cover (fields, 287 forests, etc.) on a significant part of the storage site. For illustration purpose, the PICOREF 288 sector in the Paris basin (of 3,455 km², see location in Figure 6 ), where the potential 289 implementation of CO 2 storage sites have been investigated (e.g. Grataloup et al., 2008) , isthan 95 % of natural (mainly forests) and agricultural areas. In such natural terrains, the 292 absence of bright man-made structures might lead to sparse PS network (with density ~10 PS 293 every km² to less than 1/km²). This constitutes a major obstacle to the phase unwrapping 294 stage, where the solutions are directly dependent on the PS density and makes reliable 295 estimation of deformation using PS techniques a challenging task. 296
The use of L-band data may contribute to improve the processing given that the vegetation is 297 better penetrated using signal with short wavelength (e.g. Raucoules et al., 2007) . 298
Unfortunately there is currently, to the authors' knowledge, (and probably for the next 2 299 decades) no planned satellite mission fulfilling the requirements in terms of resolution and/or 300 acquisition repetitiveness for the proposed monitoring application as discussed below. 301
Temporal scales
302
CO 2 injection operations are typically planned to last between 25 and 50 years. This "long 303 term" monitoring implies considering several issues. 304 A first difficulty is the availability of a space-borne sensor, whose mission durations are 305 typically of the order of a ten of years (e.g. see Hanssen, 2005, Table 2 ). Thus, any long term 306 monitoring of the injection operations should be designed potentially considering a minimum 307 of 2 to 3 satellites, whose characteristics (orientation of the orbital trajectory, center 308 frequency, C-, L-band, etc.) might change from a satellite to another and not be necessarily 309 suited for interferometric analysis. For instance, the currently-used ENVISAT mission, which 310 was deeply modified in October 2010 (change in the orbital characteristics, affecting the 311 possibility of carrying out reliable PSI processing after this event), will come to an end in the 312 coming years. A transition period with another space-borne sensor should be accounted for in 313 the design of long term monitoring plan. For instance, the successor of ENVISAT, namely 314 Sentinel 1, is to be launched in 2013. This 7-12 years mission will consist in a space-borne Assuming an equivalent PS decay rate for different resolutions, the total number of PS is 334 expected to be larger with high resolution sensors considering an isolated small area with high 335 PS density located in a larger area depleted of PS (e.g. small groups of buildings in a larger 336 agricultural zone). Following this reasoning, the probability of having at least a few PS lasting 337 during the whole observation period is therefore higher with high resolution sensors (provided 338 that a maximum of isolated building groups will keep some PS during the observation 339 period). Yet, as mentioned in section 2.2, the high resolution requirement is limited by themission should both fulfill such a trade-off, but with major differences in the data provision 342
policy. 343
This latter issue should be carefully accounted for, because long term monitoring possibly 344 implies constituting a large data base (depending on the acquisition and processing frequency; 345 which is further discussed in section 2.4). To remain cost-effective regarding ground-based 346 geodetic measurement techniques (e.g., optical levelling, GPS, tiltmeters, etc.), a possible 347 strategy can be similar to the provision policy associated to the Global Monitoring for to the occurrence of unwanted events such as the sudden (i.e. over a short time span) multi-360 millimetric uplift localized on a fault zone, which may be related to the fault reactivation at 361 depth (see e.g., Rutqvist et al., 2010) . 362
Regarding the "verification" objective, the acquisition and processing rate should be chosen 363 based on the simulations of the expected spatio-temporal evolution of the deformation 364 phenomenon. In this view, section 1 provides useful orders of magnitude for a typicalcharacterized by a highly non-linear evolution over time. This might limit the performance, 367 because the PSI technique is generally better applied for rather conservative types of 368 deformation (e.g. Hanssen, 2005), e.g., characterized with (approximately) uniform 369 deformation velocity relatively linear temporal evolution of deformation velocity or periodic 370 (such as seasonal natural gas storage, Teatini et al., 2011) . To tackle this issue, an alternative 371 would be to focus on the discrepancies of the measured displacement field respect to the 372 proposed evolution model, i.e. deviation to the predictive model. By subtracting the model-373 based simulation of the phase to the interferometric data, an important part of the (non-linear) 374 temporal signal would be removed, facilitating the PSI processing (in particular by reducing 375 the risk of unwrapping errors). Besides, the important information is the (unforeseen) 376 discrepancy respect to the model that is needed for adjusting the representation of the 377 phenomenon. The proposed iterative procedure described in section 3.3 that revisits 378 periodically the knowledge of the phenomenon, could partly deal with this issue. 379 Figure 1B provides information on the spatio-temporal evolution of the "deformation front" 380 given a typical injection scenario (see details in section 1.2). An individual measurement point 381 located at a given lateral distance from the injection zone, requires a major and more 382 frequently sampled monitoring during a specific period of the order of ~2-4 years, the 383 beginning of this period depending on the distance to the injector. In other terms, a 384 "deformation front", as schematically depicted in Figure 4 , affects the location during this 385 short time span t=2-4 years. Before the front has passed no deformation affects the point. 386
After, the point has smaller displacement (see Fig. 4 ). Such a spatio-temporal behaviour has 387 implications on both the choice of the frequency of image data acquisition (i.e. sampling 388 procedure) and of the processing rate (i.e. frequency of PSI analysis).the deformation front passage. As indicated in section 2.1, >30 images is an ideal data set size 391 for precision reasons. The orbit cycle of ASAR-like sensors (about 10 acquisitions per year) 392 may be therefore insufficient to carry out such a measurement at the limit of the sensitivity of 393 the method. Current sensor TerraSAR-X (Strip Map Mode) and future Sentinel-1 mission 394 should fulfill such a requirement (with both repetitiveness of the order of a ten of days), but 395 with differences in the data provision policy (see section 2.3). 396
Besides, changes in the velocities values of the differential displacements are expected to be 397 detectable only after a few months (except for the case of multi-millimetric sudden ground 398 movements, which is discussed in the following). The processing of the data image with very 399 high frequency (e.g. every day) may not be appropriate given the described physical evolution 400 of the deformation, but also considering cost and resource constraints. Considering the 401 expected spatio-temporal evolution of the deformation phenomenon as calculated for the 402 typical injection scenario described in the section 1.2, one PSI analyse every 3 -6 months can 403 be proposed to fulfil the "verification" objective of monitoring. Noteworthy, this processing 404 rate is intermediate between quasi-real time (e.g. bottom-hole fluid pressure) and pluri-405 annual monitoring techniques (e.g. seismic campaign). 406
Regarding the "early-warning" objective of the monitoring, two cases can be considered. On 407 the one hand, potential zones at risk (e.g. fault zones, injection zone, etc.) can be identified 408 prior the injection operations based on a risk assessment procedure (see Bouc et al., 2011) . On 409 these localized zones, a specific PSI analysis can be envisaged using high resolution/high 410 repetitiveness (but reduced swath) data equivalent to those provided by the current X-band 411 a pure mathematical space-filling criterion, but in real-case applications, adjustments 507 will certainly be necessary if the Voronoi-based method indicates installing the CR in 508 densely vegetated cover (forests, wetlands, etc.), which may highly prevent the 509 detection or the installation of the CR, or too close to another CR (e.g., with a distance 510 <1 km). Then, the CR only lying within the expected detectable zone for themonitoring the expected surface deformation over the duration of one epoch. 513
Based on the discussions in section 2, the PSI analysis to fulfil the "verification" objective of 514 the monitoring can conducted using data characterized by a large swath, a rather good 515 resolution and repetitiveness of a ten of days. The processing rate of the image data should be 516 chosen depending on the simulation predictions for the spatio-temporal evolution of the 517 deformation phenomenon associated with CO 2 injection. The simulations for the typical 518 injections scenario (section 1.2) show that a processing of 3-6 months can be envisaged 519 during the 10-year epoch. This rate can be adjusted especially depending on the detection of a 520
sudden "abnormal behaviour" on a localized zone (e.g., sudden multi-millimetric uplift due 521 to possible fault reactivation). A complementary PSI analysis using high resolution / high 522 repetitiveness (but reduced swath) data can be proposed on these zones at risk (see discussion 523 in section 2.4). Such an iterative approach allows a frequent re-interpretation of the 524 discrepancies between model and measurements in terms of evolution predictions (i.e. 525 deviation to the predictive model). Valuable information on the storage complex behaviour 526 can be extracted in an inversion procedure as proposed more specifically in the field of CO 2 527 storage by Vasco et al. (2008a&b) . The combination of both information (correction of the 528 model based on the measurements and inversion of the complex behavior) can serve to 529 increase the quality and robustness of the predictions. 530
The procedure is then repeated for the next 10-years epochs (step 1). Using the initial PS 531 network enriched with the CR identified for the previous epoch (step 2), the next CR (i.e. 532 necessary for monitoring the next epoch) can be identified using the updated expected 533 detectable surface deformation region (step 3), and the procedure is then repeated. Finally, considering such a long term monitoring, the possibility that during certain periods, 550 the lack of satellite mission with suitable characteristics cannot be fully discarded. In such a 551 case, the information provided before and after the information gap could still provide useful 552 information on the evolution of the injection processes. 553
Application to a potential storage site in the Paris basin
554
To illustrate the main steps of the proposed methodology, we apply the described 555 methodology to a potential injection site selected within the PICOREF sector in the Paris 556 basin (Figure 6 ). This potential storage site was identified based on the combination of criteria 557 in terms of capacities and injectivity, environmental constraints, existing land-use and 558 underground-use, economic and social aspects and based on a comprehensive risks analysis 559 (Grataloup et al., 2008; Bouc et al., 2011) . Figure 6 shows the location of the potential 560 injection well (outlined by a red cross marker). We consider 40 years of CO 2 injection at aproperties are: intrinsic permeability of 1.10 -13 m²; porosity of 12 %; Young's modulus of 24 563
GPa; Poisson's ratio of 0.29 (Rohmer and Seyedi, 2010 and references therein). 564
[ Figure 6 about here] 565

Step 1: in this example, the analytical model described in section 1 is used to estimate 566 the lateral extent of the expected detectable zone of vertical displacements 567 (considering a 5 mm detection threshold) induced by a whole CO 2 injection duration 568 of 40 years and considering four 10-years long epochs. The final zone represented by a 569 black circle in Figure 6 covers a total area of ~220 km² and corresponds to the zone of 570 maximum extent that should be monitored by the PSI technique over the whole life 571 span of the potential storage site; 572
Step 2: we consider each centroids of the urban zone present within the detectable 573 zone for the whole injection duration (total number of 24 zones). These represent 574 localized zones where good candidates for natural PS are highly likely to be detected. 575
In a preliminary approach, we only consider these centroids as natural PS (outlined in 576 Figure 7 as pink diamond markers); 577
Step 3: on this basis, we assign to each of the centroids a Voronoi cell ( Figure 7A ) and 578 choose the potential CR as the Voronoi cells (outlined in Figure 7A as blue triangular 579 markers); the CR lying within forest zones or distant from each other of less than 1km 580 are detected and are re-adjusted (deleted or re-localized). A total number of 23 CR are 581 in this manner identified within the detectable region for the whole duration of the 582 injection (here 40 years, black -coloured circle in Figure 7B ). 583
[ Figure 7 about here] 584
Using the region of detectable deformation for the first 10 years of injection (light grey-585 coloured circle in Figure 7B ), a total of 6 CR are identified through the Voronoi analysis. 
Concluding remarks and recommendations
601
The present paper proposes a description of the characteristics of the surface deformation, 602 which will be expected during the injection of CO 2 into deep aquifers during 25 -50 years. 603
On this basis, the associated constraints for the planning of a monitoring plan relying on PSI 604 techniques are discussed. To overcome such limitations, we focused on the optimisation of a 605 CR (corner reflectors) network. An iterative strategy is proposed, which is justified by the 606 large spatial extent of the expected detectable region and by the changes in the sensors 607 characteristics (typically each 7-10 years) that could result in a need of re-organisation of the 608 network (and even CR characteristics such as orientation). At each period (say, every 10 609 years), the number and location of the CR, necessary for the monitoring of the surfaceusing large-scale geomechanical models. Furthermore, we propose to focus on discrepancies 612 between model and measurements, which can be useful in terms of evolution predictions. To 613 fulfil the "verification" objective of the monitoring, the PSI analysis should be frequently 614 conducted during each epoch with a processing rate, which should be chosen depending on 615 the predicted spatio-temporal evolution of the deformation phenomenon. The simulation 616 results for a typical injection scenario show that a processing rate of the order of a few months 617 may be sufficient. Such a frequent re-examination of the situation and model correction is 618 therefore useful in a perspective of forecasting consequences of the injection. To fulfil the 619 "early-warning" objective of the monitoring, a complement should be envisaged so that well 620 definite zones at risk (such as fault zones) should be monitored using high repetitiveness / 621 high resolution (but reduced swath) data. In both cases, a careful attention should be paid to 622 cost and resource issues especially regarding provision policies of image data. The periodic re-thought of the CR network will therefore allow the possibility of 631 methodological improvement in addition to taking into account new sensors characteristics. 632 
